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a  b  s  t  r  a  c  t
Ordered  mesoporous  SiO2 particles  have  been  synthesized  by incorporation  of natural  oil as  swelling
agent  from  solutions  containing  deionized  water,  ammonium  hydroxide,  tetraethylorthosilicate,
cetyltrimethylammonium  bromide  as structure-directing  agent.  The  present  work  shows  that  the  “sucu-
pira oil” is  an  effective  expander  agent  to enlarge  the  pore  size  and  even  allows  obtaining  differenteywords:
esoporous silica
tructures
welling agent
ucupira oil
structural  rearrangements  of mesoporous  materials.  The  obtained  materials  were  characterized  by scan-
ning electron  microscopy  (SEM),  transmission  electron  microscopy  (TEM),  small-angle  X-ray  scattering
(SAXS)  and  nitrogen  adsorption–desorption  analysis.  The  results  obtained  show  a  highly  ordered  hexag-
onal,  cubic  and  lamellar  mesostructure  depending  of oil  concentration.  Furthermore,  the  increase  of
pore diameter  in  function  of oil concentration  was  clearly  observed  by  nitrogen  adsorption–desorption
analysis.
© 2012 Elsevier B V   . . Open access under the Elsevier OA license. . Introduction
Soft chemistry based processes (i.e., chemistry at low tempera-
ures and pressures, from molecular or colloidal precursors) clearly
ffer innovative strategies to obtain tailored nanostructured mate-
ials. The mild conditions of sol–gel chemistry provide reacting
ystems mostly under kinetic control. Therefore, slight changes of
xperimental parameters (i.e., pH, concentrations, temperatures,
ature of the solvent, and counterions) can lead to substantial mod-
ﬁcations of the resulting supramolecular assemblies [1–3]. This
ay  give rise to inorganic or hybrid solids with enormous differ-
nces in morphology and structure and, hence, in their properties.
owever, the resulting nanostructures, their degree of organiza-
ion, and thus their properties certainly depend on the chemical
ature of their organic and inorganic components, but they also
ely on the synergy between these components. Thus, the tuning
f the nature, the extent, the accessibility, and the curvature of the
ybrid interfaces is a key point in the design of new nanostruc-
ured materials. The key feature in the synthesis of mesostructured
aterials is to achieve a well-deﬁned segregation of organic (gen-rally hydrophobic) and inorganic (hydrophilic) domains at the
anometric scale; where the nature of the hybrid interface plays
 fundamental role [1–4].
∗ Corresponding author. Tel.: +55 1637118878; fax: +55 1637118878.
E-mail address: lucasrocha@unifran.br (L.A. Rocha).
169-4332 © 2012 Elsevier B V    . . 
oi:10.1016/j.apsusc.2012.01.143
Open access under the Elsevier OA license. Silica-based materials are the most studied systems, for several
reasons: a great variety of possible structures (ﬂexibility of
tetracoordinated Si), a precise control of the
hydrolysis–condensation reactions (due to a lower reactivity),
enhanced thermal stability of the obtained amorphous networks
(no crystallization upon thermal treatment), and strong grafting
of organic functions. Since the discovery of mesoporous silica or
aluminosilicate molecular sieves in 1992, a permanent effort is
made to develop mesotextured inorganic or hybrid phases, which
are potential candidates for a variety of applications, in the ﬁelds
of catalysis, optics, photonics, sensors, separation, drug delivery,
sorption, acoustic or electrical insulation [1].  The choice of the
organic template to spatially control the mineralization process in
the mesoscale, is a key issue in the synthesis of textured or porous
materials. In the case of mesoporous oxides, the templating relies
on supramolecular arrays: micellar systems formed by surfactants
or block copolymers are indeed interesting as supramolecular
templates because they are capable to impart larger pores and
thicker walls, apart from being industrially available, hazard-free
and easy to remove from the mineral framework (by thermal
treatment or solvent extraction) [3,5].
A great deal of work has been devoted to pore size control. Beck
et al. were able to tailor the pore size from 15 to 45 A˚ by varying the
chain length of CnTMA+ cations between 8 and 18 carbon atoms [1].
The addition of organic molecules such as 1,3,5-trimethylbenzene
or alkanes permitted increased pore size up to 100 A˚. These swelling
agents are soluble in the hydrophobic part of the micelle, increasing
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he volume of the template. Furthermore, the pore size of MCM-41
nd related materials is restricted by the size of the micellar tem-
lates and a natural extension to increase the pore size consists of
aking use of larger molecules such as polymers or more complex
exturing agents (other organic or biological templates) [1,5–8].
On the other side the pore size engineering allows the synthe-
is of multifunctional materials by the use of many different oils,
hich have been tested as swelling agents and incorporated during
he micellar solution in order to synthesize large pore mesoporous
aterials [1,6–9].  However, most oils present an expensive cost
rawback or have low extraction yield. In this context, Pterodon
marginatus, commonly known as sucupira, frequently occurs in
he central region of Brazil (Goiás, Minas Gerais and São Paulo)
9].  Hydroalcoholic infusions of seeds are used in folk medicine for
heir anti-rheumatic, analgesic and anti-inﬂammatory properties.
hemical studies on Pterodon have shown the presence of alkaloid
ompounds in the bark [11], isoﬂavone and some triterpenes in the
ood [12], and diterpenes and isoﬂavones in the seed oil [13]. Oil
xtracted from its seeds has advantage of a high extraction yield
nd great availability, which allows obtain easily a large volume at
ow cost. Thus, the sucupira oil has a great potential to be used as
welling agents and has a real application to replace the currently
gents which are derived from non-renewable sources.
In this work, an alternative new green swelling agent is pro-
osed and allows obtaining different structural rearrangements of
esoporous materials silica. The materials were obtained using the
emplate synthesis by sol–gel methodology.
. Experimental
.1. Preparation of mesoporous silica
All reagents were purchased from Aldrich or Acros and used
s received. Standard mesoporous silica (MS) were synthesized
rom solutions containing deionized water (67 mL), ammonium
ydroxide (52 mL), tetraethylorthosilicate – TEOS (11.2 mmol),
etyltrimethylammonium bromide – CTAB (1.4 mmol) as structure-
irecting agent. The expanded mesoporous silica were then
btained by addition of different sucupra oil amounts, which in this
ork will acts as a swelling agent, to the precursor solution contain-
ng deionized water, ammonium hydroxide and structure-directing
gent. The volume of sucupira oil in the precursor solution was  65.0,
5.0, 130.0 or 260.0 L, which allowed obtaining a ﬁnal concentra-
ion of 1.0, 1.4, 2.1 or 2.4 × 10−3 (v/v), respectively. The solution was
ept under stirring for 30 min  before the addition of the TEOS. The
nal solution remained stirring at room temperature for 24 h and
he precipitate was then collected by centrifugation, washed with
eionized water and ethanol and dried under primary vacuum. In
rder to remove the organic compounds, the ﬁnal materials were
eat treated at 893 K for 5 h.
.2. Characterization
Powders were characterized by Scanning Electron Microscopy
SEM) on a JEOL SEM-FEG JSM 6330F at Electron Microscopy Lab-
ratory (LME) – LNLS, Transmission Electron Microscopy (TEM)
n a JEOL-JEM 100 CX II at Electron Microscopy Laboratory
LME) – Department of Cell and Molecular Biology – FMRP-USP,
itrogen adsorption isotherms were measured on a Micromerit-
cs ASAP 2020 Sorptometer and surface areas and pore volume
ere determined from the BET and BJH methods, respectively.
AXS measurements were performed at the Brazilian Synchrotron
ight Laboratory (LNLS). The incident X-ray monochromatic beam
k = 1.488 A˚) was  monitored with a photomultiplier and detected
n a Pilatus detector (8 × 8 binning). The SAXS chamber parasiticFig. 1. Typical size distributions for the MS-10 sample. The line is just a guide for
the eyes (n = 287). Inset: SEM image of an MS-10 sample used in size distribution
measurements.
scattering was  also recorded (with bias and dark-noise subtraction)
and subtracted from the sample pattern after sample attenuation
correction.
3. Results and discussion
Fig. 1 shows a typical SEM image and the corresponding size dis-
tribution for the MS-10 sample. Polydisperse particles (80–850 nm)
with a mean size of around 360 nm were obtained. No important
difference was  observed for the samples with different oil concen-
trations, indicating that at the macro-scale the morphology of the
particles was  not inﬂuenced by the presence of the swelling agent.
Gas adsorption is one of the many experimental methods avail-
able for the surface and pore size characterization of porous
materials. Among others method such as small angle X-ray and
neutron scattering, mercury porosimetry, thermoporosimetry, gas
adsorption is the most popular one because it allows assessment of
a wide range of pore sizes (from 0.35 nm up to >100 nm), including
the complete range of micro- and mesopores and even macropores
[14]. The shape of sorption isotherms of pure ﬂuids on porous mate-
rials depends on the interplay between the strength of ﬂuid-wall
and ﬂuid–ﬂuid interactions as well as the effects of conﬁned pore
space on the state and thermodynamic stability of ﬂuids conﬁned to
narrow pores [14]. The nitrogen adsorption/desorption isotherms
are reported in Fig. 2(a). As the oil concentration increases, the
hysteresis loop shifts toward higher pressure, characteristic of an
increasing pore size. Isotherm of the standard MS sample exhibits
a Type I shape, which is characteristic of microporous materials
[10]. All the samples synthesized using the sucupira oil presented
a Type IV shape, characteristic of mesoporous, with a desorption
loop due to the nitrogen condensation within mesoporous. In addi-
tion, it is widely accepted that there is a correlation between the
shape of the hysteresis loop and the texture (e.g., pore size distribu-
tion, pore geometry, and connectivity) of a mesoporous adsorbent
[6,14,15]. Thus, the MS-10 and MS-14 samples presented a type H4
hysteresis, indicating a narrow slit pores. However, the MS-21 and
MS-42 samples presented a type H2 hysteresis (Network Model),
which are often associated to the disordered pores indicating that
the distribution of pore size and shape is not well deﬁned. Further-
more, in the network models the pores are connected and form a
three-dimensional network. An important feature of the network
model is the possibility of pore blocking effects during evaporation,
which occurs if a pore has access to the external gas phase only via
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Fig. 2. Nitrogen adsorption/desorption isotherms (a), evolution of the speciﬁc s
arrow constrictions (e.g., an ink-bottle pore). The wide inner por-
ion of an inkbottle pore is ﬁlled at high relative pressures, but it
annot empty during desorption until the narrow neck of a pore ﬁrst
mpties at lower relative pressure. Thus, in a network of inkbottle
ores the capillary condensate in the pores is obstructed by liquid
n the necks. Hence, relative pressure at which a pore empties now
epends on the size of the narrow neck, the connectivity of the
etwork and the state of neighboring pores [6,14,15].
Fig. 2(b) displays the evolution of pore diameter (BJH method)
s function of surface area for the calcined samples. We observed
n increase of the pore diameter with swelling agent addition,
rom 17.6 to 43.4 A˚ along with a parallel decrease in the speciﬁc
rea (BET), from 1241 to 330 m2/g. These two variations reﬂect the
ncreasingly disordered character of the silica with swelling agent.
ccompanying these changes in pore diameter and surface area is
 pore size distribution that increases and broadens with increas-
ng the swelling agent concentration, Fig. 2(c). The physical and
hemical properties of samples are given in Table 1.
The fractal nature of the silicate surface is seen as direct
onsequence of the fractal structure of the surfactant–silica
nterface. Three classical approaches to describe nitrogen adsorp-
ion are BET theory for adsorbent–adsorbate interactions at
ear-monolayer coverage; Frenkel–Halsey–Hill (FHH) theory
or adsorbent–adsorbate interactions in multilayer coverage;
nd capillary condensation as embodied in BJH theory for
dsorbate–adosrbate interactions in the mesoporous range
6,14,15]. The thickness of the adsorbed ﬁlm as given by the clas-
ic FHH equation provides the characteristic length scale for the
ractal-FHH analysis: =
[−ln()
k
]−1/s
(1) area and pore diameter (b), and pore size distribution (c) of calcined samples.
where  = p/p0,  = n/nmonolayer and s and k are constants. Smith and
Lobo [15] calculated the fractal dimension of the samples from the
slope m of log–log plot of ln() versus . In their work, the authors
have assumed the values s = 2.24; k = 2.27 for nitrogen adsorption
and the fractal dimension (D) and the surface fractal dimension (Ds)
were obtained from Eqs. (2) and (3):
D = s
m
+ 3 (2)
Ds = 1
m
+ 3 (3)
Ds is a dimensionless number between 2 and 3: Ds = 2 describes
a perfect smooth surface, 2 < Ds < 3 irregular surface and Ds = 3
would describe a theoretical volume in which all points would be
assigned to the surface. In addition, Ds can help us obtain informa-
tion on the surface roughness, a parameter that can be critical to
explain properties like stability, reactivity or diffusion [6].
Fig. 3(a) is a sample log–log plot of  versus ln() for the calcined
samples. The differences in slopes are apparent. The line log()
versus log(ln()) presented a decrease of slope from 2.73 ± 0.092
to 2.43 ± 0.031. In addition, a signiﬁcant attribute of the log–log
plot is they are remarkably linear. From this point of view, this non-
integer value implies the surface exhibits self-similarity, that is, the
surface irregularities remain invariant. Fig. 3(b) displays the frac-
tal surface dimension in function of swelling agent concentration.
It was  observed that the increase of swelling agent concentration
decreased slight the Ds values, however, all samples present a sig-
niﬁcant roughness.
In the usual characterization of porous materials, small-angle X-
ray scattering (SAXS) is a powerful tool that originates from spatial
ﬂuctuations of the electronic density within a material. It provides
valuable information on a scale of sizes larger than those covered by
the more widely applied X-ray diffraction (XDR) at normal angles,
5114 J.N.M. Batista et al. / Applied Surface Science 258 (2012) 5111– 5116
Table 1
Physico-chemical properties of calcined samples.
Samples Oil concentration (v/v) ×10−3 Surface area BET (m2/g) Pore volume BJH (cm3/g) Pore diameter BJH (A˚)
MS 0 1241 0.662 17.6
MS-10 1.0 718 0.639 23.4
MS-14 1.4 755 0.705 24.3
MS-21 2.1 424 0.503 40.1
MS-42 4.2 330 0.482 43.4
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fFig. 3. Plot of log(ln()) versus log() (a) and evolution of the surface fra
nd is ideally suited for studying structures in the nanometer range.
AXS has been used to study the textures and the fractal character-
stics of MCM-41, porous silica, and others materials [16–18].
Fig. 4 displays the SAXS results obtained for the samples pre-
ared with different oil concentrations. The increase on the oil
oncentration promotes an increase of lattice parameter, as well
s pore diameter, but the surface area decreases. These results can
e attributed to the oil hydrophobic nature, being located inside
he direct micelle hydrophobic core. For MS  sample, ﬁve peaks can
e found and indexed to a hexagonal h k l lattice, suggesting a high
rdered structure of MCM-41 [5,19–22].
For MS-10 sample it was observed a mixed proﬁle that could
e related to the transition of hexagonal to cubic structure. How-
ver, the MS-14 sample presented a similar proﬁle to MCM-48,
he cubic material, consisting of another mean peak and several
thers peaks that can be assigned to the Ia3d space group. For MS-
1 and MS-42 samples, a same behavior was observed, since the
ig. 4. Small angle X-ray scattering (SAXS) patterns of samples synthesized in dif-
erent oil concentrations.imension Ds (b) for the samples prepared at different oil concentration.
MS-21 presented a transition proﬁle from cubic phase to lamellar
phase while that MS-42 sample presented a lamellar structure pro-
ﬁle similar to MCM-50 [19–22].  These morphological changes can
be attributed to silica-(surfactant/oil) system. The ﬁnal structure
will be affected by many factors, such as the van der Waals forces
and conformational energy of the surfactant chains, the interac-
tions between the oil molecules, the van der Waals and electrostatic
interactions of the head-group within a single micelle, the van
der Waals and electrostatic effects associated with wall–micelle
and micelle–micelle interactions, etc. The head-group area plays a
governing role in the selection of a particular mesophase, and the
favored mesophase is that which permits the head-group area to be
closest to its optimal value, while maintaining favorable packing of
the hydrophobic surfactant chains. Thus, by varying the oil concen-
tration, we  have access to a continuous range of silica/surfactant/oil
composition space, enabling us selectively to tailor the ﬁnal pore
morphology [23,24].
However, all the calcined samples exhibited a SAXS proﬁle sim-
ilar to the MCM-41, the hexagonal materials. These changes can be
related to the shrinkage of framework due to condensation of pores
surface silanol groups with the corresponding water release by the
thermal removal of the organic groups (surfactants and swelling
agent molecules) from between the silicate lattice, resulting in a
collapse of the inorganic structure and forming a phase with lower
structural order or porosity [22]. These results were also obtained
by Zink et al. [23] and Ni et al. [24], which explain the lamellar to
hexagonal transformation by a lamellar → cubic → hexagonal path-
way driven by continuing condensation of the siloxane framework.
Fig. 5 shows typical TEM micrographs. Parallel fringes are clearly
observed for the MS,  which can be ascribed to the (1 0 0) direc-
tion of p6mm hexagonal phase. These fringes were also observed
to the MS-42 sample, but in this case, it was  attributed to the
lamellar phase. For the MS-14 sample, it was observed an ordered
structure ascribed to the (1 1 0) direction of cubic phase and for
the MS-21 sample, it was  possible to observe only the lamellar
phase. However, for the MS-10 sample, it could be observed a
mixture of phases, where the mesochannels were ascribed to the
J.N.M. Batista et al. / Applied Surface Science 258 (2012) 5111– 5116 5115
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[Fig. 5. TEM images of mesoporous particles synthesized with different swel
exagonal and cubic phases. Thus, with all these results and with
he SAXS proﬁle, we could conﬁrm the formation of the highly
rdered mesostructure.
. Conclusion
The preparation of highly ordered mesoporous SiO2 particles
ith larger pores is presented. The sucupira oil demonstrated great
otentials in the pore size engineering ﬁelds, furthermore, its high
xtraction yield and great availability, allowing the obtaining of
arge volume at low cost.
The materials synthesized by its addition present an increase up
o 26 A˚ in the pore diameter with satisfactory in both surface area
nd pore volume. The samples presented a high surface roughness
nd it has shown that by exceeding the critical oil concentration
e can tailor the ﬁnal pore morphology from hexagonal to cubic or
amellar structures, suggesting that this new green swelling agent
as countless applications.
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